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We mapped Polycomb-associated H3K27 tri-
methylation (H3K27me3) and Trithorax-associ-
ated H3K4 trimethylation (H3K4me3) across
the whole genome in human embryonic stem
(ES) cells. The vast majority of H3K27me3 colo-
calized on genes modified with H3K4me3.
These comodified genes displayed low ex-
pression levels and were enriched in develop-
mental function. Another significant set of
genes lacked both modifications and was also
expressed at low levels in ES cells but was
enriched for gene function in physiological re-
sponses rather than development. Comodified
genes could change expression levels rapidly
during differentiation, but so could a substantial
number of genes in other modification cate-
gories. SOX2, POU5F1, and NANOG, pluripo-
tency-associated genes, shifted frommodifica-
tion by H3K4me3 alone to colocalization of both
modifications as they were repressed during
differentiation. Our results demonstrate that
H3K27me3 modifications change during early
differentiation, both relieving existing repres-
sive domains and imparting new ones, and that
colocalization with H3K4me3 is not restricted
to pluripotent cells.
INTRODUCTION
During development from a single cell to a complex organ-
ism,mammals establish a progressively increasing number
of distinct cell types with progressively decreasing devel-
opmental potential. In the adult, the identities of distinct
cell types are generally stable, implying that the underlying
transcriptional networks that help impart those identities
must be stable, in spite of the ability of some genes toCell Strespond rapidly to physiological and environmental stim-
uli. However, the cloning of Dolly demonstrated that, un-
der some conditions, those transcriptional networks could
be altered to impart a dramatic change in identity. It is a
central goal of regenerative medicine to understand how
cellular identity is maintained and how that identity might
be changed to mediate the repair of damaged tissue.
Human embryonic stem (ES) cells offer an important
model for examining transitions of cellular identity in hu-
man material (Thomson et al., 1998). Unlike somatic cells,
ES cells have the potential to differentiate into any cell type
of the body, a potential that remains poorly understood. It
has been suggested that this potential is related to an un-
usual chromatin structure or to specific histone modifica-
tions (Azuara et al., 2006; Lee et al., 2004; Martens et al.,
2005; Meshorer andMisteli, 2006). Posttranslational mod-
ifications of core histones, such asmethylation and acetyl-
ation, are correlated with the conformational state of chro-
matin and the transcriptional status of genes (Cosgrove
and Wolberger, 2005; Fischle et al., 2003; Jenuwein and
Allis, 2001; Margueron et al., 2005; Turner, 2000). Com-
pared to differentiated cells, ES cells have highly dis-
persed, euchromatic nuclei, elevated amounts of histone
modifications associated with open chromatin, such as
acetylated histone H3 and H4, and reduced amounts of
histone modifications associated with heterochromatin,
such as histone H3 lysine9 trimethylation (H3K9me3)
(Meshorer et al., 2006). Polycomb repressive complexes
(PRCs), which catalyze H3K27me3 and were initially dis-
covered as regulators of the Homeotic (HOX) genes in
Drosophilia (Jurgens, 1985; Lewis, 1978), repress a wide
range of targets in mammals (Kirmizis et al., 2004;
Schwartz and Pirrotta, 2007; Squazzo et al., 2006). Ge-
nome-wide mapping of components of PRC2 reveals
a dramatic enrichment for key developmental regulators
in both ES cells and in diploid human fibroblasts, and
these target genes are expressed at significantly lower
average levels than nontarget genes (Boyer et al., 2006;
Bracken et al., 2006; Lee et al., 2006). In ES cells, repres-
sion of these developmental regulators is proposed to be
key in maintaining the undifferentiated, pluripotent state,em Cell 1, 299–312, September 2007 ª2007 Elsevier Inc. 299
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Mapping of Histone H3K4me3 and H3K27me3 in hESCsas their expression might otherwise cause differentiation.
In ES cells, H3K27me3 is shown to be coextensive with
binding of PRC2 components around the transcription
start site (TSS) (Lee et al., 2006). In contrast to the repres-
sive H3K27me3 modification, H3K4me3, catalyzed by
Trithorax protein complexes, is associated with active
transcription (Byrd and Shearn, 2003; Nagy et al., 2002).
Genome-wide mapping of the MLL1 methyltransferase,
amammalian homolog toTrithorax, demonstrates a strong
association with the promoters of active genes and con-
firms colocalization with H3K4me3 (Guenther et al., 2005).
The recent mapping of both H3K4me3- and
H3K27me3-modified regions across highly conserved
noncoding elements (HCNEs) in mouse ES cells revealed
an unexpectedly high frequency of colocalization of these
‘‘activating’’ and ‘‘repressive’’ modifications (Bernstein
et al., 2006). These ‘‘bivalent’’ modifications were pro-
posed to represent genes specially poised to initiate
transcription, and this poised state was proposed to be
central to the developmental potential of ES cells. To
gain further insight into the whole-genome distribution of
H3K4me3 and H3K27me3, we mapped these modifica-
tions across the entire genome in human ES cells. Our
results confirm that Polycomb-mediated H3K27me3 is
associated with widespread suppression of developmen-
tal genes, and we extend previous findings in showing that
colocalization of H3K27me3 with H3K4me3 at promoters
in human ES cells is the rule rather than the exception.
We also found that genes initially marked with both
H3K4 and H3K27 modifications could indeed change rap-
idly with differentiation; however, many genes that lack
this particular combination of marks were capable of rapid
change as well. In addition, transcription factors involved
in pluripotency—OCT4 (POU5F1), NANOG, SOX2—that
were initially marked only by H3K4me3 became marked
with H3K27me3 as well with the onset of transcriptional
suppression of these genes during differentiation. Our
finding that pluripotency-associated transcription factors
become modified by both H3K4me3 and H3K27me3 as
they are downregulated during differentiation demon-
strates that not all potential Polycomb targets relevant to
developmental regulation are suppressed in ES cells and
that the recruitment of the Polycomb complexes changes
rapidly during early differentiation, both to relieve existing
and create new repressive domains. We also find a
substantial class of genes initially marked by neither
H3K4me3 nor H3K27me3, which is poorly expressed but
highly enriched for genes that can respond to physiologi-
cal stimuli, suggesting fundamental differences in the
transcriptional regulatory mechanisms that control genes
that can respond to transient signals and those that spec-
ify or maintain cell identity.
RESULTS
Whole-Genome Mapping of H3K4me3 and
H3K27me3 in Human ES Cells
By using specific antibodies, we immunoprecipitated
H3K4me3- or H3K27me3-associated genomicDNA (chro-300 Cell Stem Cell 1, 299–312, September 2007 ª2007 Elseviematin immunoprecipitation, ChIP) fromH1 human ES cells
maintained in defined medium (TeSR medium), (Figure 1A
and see Figure S1A in the Supplemental Data available
with this article online) (Ludwig et al., 2006a; Ludwig et al.,
2006b). Antibody-enriched DNA was then sonicated (re-
sulting in fragments between 250 and 500 bp in size),
amplified, labeled, andmixedwith equal amounts of differ-
entially labeled input DNA and hybridized to microarrays
containing roughly 14.5 million 50-mer oligonucleotides,
representing all the nonrepeat DNA across the human ge-
nome at a 100 bp resolution (Figures 1A and 1B) (Kim et al.,
2005). We defined the H3K4me3 or H3K27me3 peaks
using a simple algorithm that requires a stretch of at least
three of four neighboring probes to have signals signifi-
cantly above the background. A p value for each peak
was calculated using the Wilcoxon matched-pairs signed
rank test (see the Experimental Procedures and the Sup-
plemental Experimental Procedures for more information).
A thresholdofp%0.078waschosen forenrichedH3K4me3
or H3K27me3 modification regions, which represents a
false discovery rate (FDR) of 8% based on the stepwise
p value method proposed by Benjamini and Hochberg
(1995). A total of 14,106 H3K27me3 peaks were identified,
with a size range of 250–42,630 bp. Of these peaks, 75%
are larger than 628 bpwith amedian of 1050 bp. The com-
bined lengthof all H3K27me3peaks (22,700,677bp) repre-
sents 0.75% of the genome (Figure 2A). For H3K4me3,
23,115 peaks were detected with a size range of 250–
29,060 bp. Of these peaks, 75% are larger than 850 bp
with amedian of 1604 bp. The total length of the H3K4me3
peaks (43,223,975 bp) represents 1.4% of the genome
(Figure 2A).
In order to match these peaks to genes, we first exam-
ined the H3K4me3 and H3K27me3 peak distribution near
the TSS (±5 kb) of all 23,302well-annotatedRefSeq genes.
We found that H3K4me3peakswere enriched in the region
closest to the TSS sites (±2 kb) (Figure 2B), consistent with
previous results (Liu et al., 2005). H3K27me3 peaks were
also enriched in a band centered around the TSS, but
with a greater width and with central depressed signal in-
tensity immediately over the TSS site, suggesting at least
partial exclusion of thismodification at the TSS (Figure 2B).
This partial exclusion could be related to H3K4me3 occu-
pancy or the presence of a preinitiation complex.
Using a region extending 2.5 kb in each direction from
the 50 end of genes, 57% of H3K27 and 73% of H3K4
trimethylation peaks corresponded to known or predicted
50 ends. When the peaks were randomized across the
genome, only 5.8%of H3K27 and 5.7%of H3K4 trimethyl-
ation peaks corresponded to known or predicted gene 50
ends (±2.5 kb). H3K4 and/or H3K27 trimethylation marked
67% of all the UCSC known genes (Figure 2C). Notably,
a majority (65%) of the UCSC known genes were marked
with H3K4me3 (alone or in combination with H3K27me3),
and only a small number of the UCSC genes (2%) were
marked with H3K27me3 alone. We found a substantial
portion of the UCSC genes (16%) that is associated with
both modifications in human ES cells and a third (33%) that
is not associated with either modification (Tables S1–S4).r Inc.
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Mapping of Histone H3K4me3 and H3K27me3 in hESCsFigure 1. Whole-Genome Histone Modification Mapping in Human ES Cells
(A) Strategy of mapping of H3K4 and H3K27 across the whole genome in human ES cells.
(B) Representative view of results of the whole-genome histone ChIP-chip experiments. The logarithmic ratio between H3K4 (gray)- or H3K27 (black)-
enriched DNA and input DNA are shown in themiddle. UCSC known gene annotations are indicated on the top panel. Bottom panel is a close-up view
of gene region with both K4 and K27 enrichments. Arrows point to a representative repeat masked genomic region.
(C) Representative views of histone modifications of pluripotency-associated gene NANOG, housekeeping gene GAPDH, and early lineage genes
GATA2 and GATA6.Cell Stem Cell 1, 299–312, September 2007 ª2007 Elsevier Inc. 301
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Mapping of Histone H3K4me3 and H3K27me3 in hESCsFigure 2. Whole-Genome Distributions of H3K4me3 and H3K27me3 in Human ES Cells
(A) Total H3K4- or H3K27-modified regions in human ES cells.
(B) Distributions of H3K4 or H3K27 peaks relative to the TSS of RefSeq annotations. Almost all of the peaks mapped within the 10 kb window around
the TSSs fall within ±2 kb of the TSS (99.7% of H3K4me3 peaks, 97.9% of H3K27me3 peaks).
(C) Histone peak patterns of the total UCSC known genes.302 Cell Stem Cell 1, 299–312, September 2007 ª2007 Elsevier Inc.
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Mapping of Histone H3K4me3 and H3K27me3 in hESCsFigure 3. Correlation of H3K4me3 or H3K27me3 with Expression Levels in Human ES Cells
(A) Expression levels of genes associated with different histone patterns. Box plot showing 25th, 50th, and 75th percentiles of relative expression
levels for genes associated with four different patterns. The error bars represent 1.5 times the interquartile range above and below the mean. The
bold line is the mean. The gray box represents the quartiles directly below and above the mean.
(B) The average signal intensity of H3K4me3 and H3K27me3 ±5 kb around the TSS of all genes from the UCSCKnownGene database is displayed for
genes broken down by decile of expression (1st being lowest 10% and 10th being highest 10%). Note the dip in H3K27me3 average signal around the
TSS as expression increases.We also compared the genomic positions of H3K4me3
and H3K27me3 peak regions with enhancers and CpG
islands (see the Supplemental Experimental Procedures
for details). H3K4/H3K27 peak regions are considered to
be overlappingwith enhancers or CpG islands if they over-
lap or if the distance between them is less than 50 bp. Of
23,115 H3K4me3 peak regions, 1022 overlap with en-
hancers and 13,252 overlap with CpG islands. Of these
1022 H3K4me3 regions that overlap with enhancers, 795
also overlap with CpG islands. Of 14,106 H3K27me3
peak regions, 302 overlap with enhancers and 1900 over-
lap with CpG islands. Of these 302 H3K27me3 regions
that overlap with enhancers, 116 also overlap with CpG
islands. For H3K4me3 peaks that are at least 2 kb away
from the nearest TSS and are associated with enhancers,
93.4% overlap with CpG islands. For H3K27me3 peaks
that are at least 2 kb away from the nearest TSS and
are associated with enhancers, 70.6% overlap with CpG
islands.
Correlation of H3K4 and K27 Trimethylations with
Gene Activity
Previous analysis in other model systems and a smaller-
scale study using human cells suggested that H3K4me3Cellassociates with active promoters, while H3K27me3 asso-
ciates with silenced promoters (Santos-Rosa et al., 2002;
Schneider et al., 2003; Schubeler et al., 2004). To examine
the relationships of promoter status to the H3K4me3 and
H3K27me3 patterns in human ES cells, we compared
expression levels of genes associated with different
H3K4me3 and/or H3K27me3 modification patterns.
Based on the gene expression microarray data of hu-
man ES cells, we found that genes associated with just
H3K4me3 had the highest level of expression, while those
with H3K27me3 alone had the lowest (Figure 3A), consis-
tent with the previous findings. Genes with both histone
modifications had relatively low levels of expression that
were generally intermediate between expression levels
of geneswith the singlemodifications. Interestingly, a sub-
stantial portion of genes that lacked both H3K4me3 and
H3K27me3 had a very low average expression level that
was similar to those genes marked by H3K27me3 alone.
Comparisons of the four categories of histone-marked
genes (H3K4me3 only, H3K27me3 only, colocalized, and
neither mark) with publicly available SAGE data for hu-
man ES cells from the Cancer Genome Anatomy Project
(CGAP) gave very similar results to the microarray-based
comparisons (data not shown).Stem Cell 1, 299–312, September 2007 ª2007 Elsevier Inc. 303
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Mapping of Histone H3K4me3 and H3K27me3 in hESCsIn addition to analyzing the expression level of genes
divided into four categories, we also plotted the average
signal intensities for H3K4me3 and H3K27me3 around
the TSS for all known genes broken down into five distinct
expression categories by decile (1st, 3rd, 5th, 7th, and
10th decile where 1st is lowest expressors and 10th is
highest expressors) (Figure 3B). As shown in Figure 3B,
the lowest expressors tend to be H3K27me3 dominant
or lack both modifications around the TSS (Figure 3B,
leftmost panel). As the expression level increases, the av-
erage H3K4me3 signal increases, with a concomitant dip
in H3K27me3 average signal at the TSS. This H3K27me3
dip actually extends below background for the highly
expressed genes (Figure 3B, rightmost panel) and extends
well into the gene, suggesting there is a low level of
H3K27me3 modifications throughout the genome that is
actively removed at the TSS and within genes as genes
are expressed.
Colocalization of H3K27me3 with H3K4me3 on
Same Promoters in Human ES Cells
Previous studies on HCNEs in mouse ES cells (2.5% of
whole genome) revealed a fair number of genomic regions
associated with both H3K4me3 and H3K27me3 (Bern-
stein et al., 2006). Through whole-genome analysis in hu-
man ES cells, we found that most H3K27me3 peaks (90%)
localized on promoters that were already marked with
H3K4me3, suggesting that colocalization of H3K27me3
with H3K4me3 on the same promoters is a rule in ES cells
rather than an exception. A gene is considered to be colo-
calized if it contains both an H3K27me3 peak and an
H3K4me3 peak within ±2.5 kb of its TSS. The vastmajority
(5659 out of 6060, 93%) of these colocalized genes have
an H3K27me3 peak that overlaps at least 1 bp with the
H3K4me3 peak. It is possible that the percentage of over-
lapping regions would be higher if repetitive regions that
are masked out of the arrays could be probed. To further
examine this colocalization, we plotted the signal intensi-
ties around the TSS for both of themodifications for genes
in each of the four H3K4me3/H3K27me3 categories to ex-
amine whether the threshold used for our peak-finding al-
gorithm produced false negatives that resulted in genes
being assigned to incorrect categories (Figure 4A). In the
case of the H3K27me3-only category (Figure 4A, second
panel), there was an average enrichment for H3K4me3
centered around the TSS that was higher than back-
ground, suggesting that at least some genes in this cate-
gory were misassigned, as some appear to have modest
H3K4me3 enrichment that falls below the threshold of
our peak finder. In contrast, the gene category lacking
both H3K4me3 and H3K27me3 peaks demonstrated no
signal enrichment around the TSS for either modifica-
tion (Figure 4A, right panel), further increasing our confi-
dence that the ‘‘neither’’ category is real. Genes closely
associated with pluripotency, such as NANOG, POU5F1
(OCT4), and SOX2, and housekeeping genes, such as
GAPDH, were marked solely by H3K4me3 (Figure 1C and
Figure S2). Many known developmental control genes,
such as SOX1, PAX6 (neural ectoderm); T,HAND1 (meso-304 Cell Stem Cell 1, 299–312, September 2007 ª2007 Elsevierderm); GATA4, GATA6 (endoderm); and GATA2, GATA3,
CDX2 (trophectoderm) were associated with both modifi-
cations (Figure 1C and Figure S2). Through ChIP-com-
bined QPCR, we confirmed the H3K4me3-only patterns
on the promoters of pluripotent genes NANOG, POU5F1,
and SOX2 and housekeeping gene GAPDH and colocali-
zation of both markers on the promoters of developmental
genes (Figure 4B). To exclude the possibility that this
colocalization might be due to mixed-cell populations,
we performed sequential ChIP first to H3K27me3 then to
H3K4me3 (Figure 4C) on the same sample. Compared
with genes solely modified by H3K4me3, each develop-
mental gene again showed significant enrichments of
H3K27me3 modifications on their promoters (Figure 4C).
Distinct Biological Functions of Genes that Are
Associated with Different Combinations of H3K4
and H3K27 Trimethylation
To gain insight into biological functions of genes associ-
ated with different combinations of histone modifications,
we performed gene ontology (GO) analysis of the genes
in each of the four categories. We found that significant
enrichments for genes associated with both modifica-
tions were related to developmental functions (Figure 5).
Many known critical transcription factors were identified
from this gene set. In all, we identified 587 factors with
combined H3K4 and H3K27 trimethylation that are in-
volved in transcriptional regulation, including key regula-
tors of early development such as HOX factors, GATA
factors, forkhead factors, and homeodomain factors
(Table S5). Many of these factors were previously identi-
fied to be targets of the Polycomb complex both in hu-
man and mouse ES cells (Boyer et al., 2006; Lee et al.,
2006), indicating that, in ES cells, the Polycomb com-
plex-based modifications correlate with genes modified
by H3K4me3.
In contrast to the H3K4/H3K27me3-overlapping genes,
genes that carried neither H3K4 nor H3K27 trimethylation
were not enriched in developmental function but in func-
tions related to signal transduction and physiological re-
sponse to stimuli (Figure 5). These genes were expressed
at low levels in ES cells. For example, rhodopsin-like G
protein receptor (GPCR) superfamily members, olfactory
receptors, and immune-response factors were highly en-
riched in this category (Table S6). The genes with only
the H3K4 modification were strongly associated with ba-
sic physiologic processes common to all cells, probably
reflecting the fact that a large number of expressed house-
keeping genes fall into this category. Also, in addition to
transcription factors related to ES pluripotency, genes in
signaling pathways active in human ES cells, such as in
the FGF-MAP kinase pathway, were generally marked
by H3K4me3 alone (Figure S3). Thus, H3K4me3 marks
a set of genes that maintain fundamental properties of hu-
man ES cells. GO terms for the genes marked solely with
H3K27me3 had enrichment with p values of much lower
significance (data not shown), possibly reflecting the small
size of this category but also decreasing our confidence
that this represents a real category.Inc.
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Mapping of Histone H3K4me3 and H3K27me3 in hESCsFigure 4. Colocalization of H3K27me3 and H3K4me3 in Human ES Cells
(A) The average signal intensity of H3K4me3 and H3K27me3 ±5 kb around the TSS for genes in each of the four different H3K4/H3K27 categories. The
dotted black line represents the normalized average signal over the whole chip.
(B) ChIP-QPCR data confirmed the histone modifications on the promoters identified by whole-genome analysis.
(C) Sequential ChIP-combinedQPCR data showed histonemodification enrichments on the H3K4me3/H3K27me3 promoters, not the H3K4me3-only
promoters. The error bars indicate the SD (standard deviation) on three triplicate PCR results.Genes Can Change Expression Levels Rapidly
during Differentiation Regardless of Their
H3K4/H3K27 Trimethylation Status
Previous studies in mouse ES cells proposed that
H3K4me3/H3K27me3 overlapping on the same promoter
(bivalent) kept the target gene in a poised state for later ac-
tivation upon ES cell differentiation (Bernstein et al., 2006).CellTo examine the relationship between specific histone
modifications and developmental timing of gene expres-
sion, wemonitored gene expression changes ofH1 human
ES cells during retinoic acid (RA)-induced differentiation
and correlated those changes with initial H3K4/H3K27
trimethylation status. By 5 days of RA treatment, H1 ES
cells changed morphology and downregulated OCT4Stem Cell 1, 299–312, September 2007 ª2007 Elsevier Inc. 305
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Mapping of Histone H3K4me3 and H3K27me3 in hESCsFigure 5. GO Analysis of Genes Associated with Different Histone Patterns
The y axis shows the GO term, and the x axis shows the p value for the significance of enrichment for the top 15 GO terms.306 Cell Stem Cell 1, 299–312, September 2007 ª2007 Elsevier Inc.
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Mapping of Histone H3K4me3 and H3K27me3 in hESCsFigure 6. Regulation Profiles of Genes Associated with Different Histone Patterns during ES Cell Differentiation
(A) Cluster analysis of gene expression profiles of changed genes in each category during RA-induced differentiation.
(B) Percentage of genes in each category that changed expression at least 3-fold at one or more time points. Genes that were upregulated or
downregulated at least 3-fold in one or more tested time points were separated and shown in different colors.(Figure S1). During a 5 day time course of RA differentia-
tion, 11.9% of H3K4-only genes, 19.5% of H3K4/H3K27-
overlapping genes, 16.5% of H3K27-only genes, and
8.7% of genes marked with neither modification showed
at least a 3-fold change for one or more time points exam-
ined (Figure 6 and Table S7). For the genes that altered
expression, genes modified solely by H3K4me3 tended
to be downregulated, perhaps not surprisingly, as this
gene set contained many pluripotency-associated genes
that were expressed at high levels initially. However, a sig-
nificant number ofH3K4me3-only geneswerenonetheless
upregulated. In contrast, most genes that changed ex-
pression and initially were associated with combined
H3K4/H3K27 trimethylation or H3K27me3 alone were up-
regulated during differentiation, again perhaps not surpris-
ingly, as these genes were expressed at low levels initially
and related to development function. Interestingly, a fair
portion of genes that lack both modifications can also
rapidly change their expression upon differentiation, albeit
the percentage of changed genes was lower than that of
H3K4/H3K27me3-overlapping genes (Figure 6B). Thus,
although the genes marked with combined H3K4/H3K27
trimethylation were relatively enriched for genes that upre-
gulatedduringdifferentiation,a significantnumberofgenes
in each of the four initial histone modification categories
could change expression levels rapidly during differentia-
tion. Our data suggest that regulation profiles of gene ex-
pression during ES cell differentiation are related to their
biological function (i.e., developmental genes turn on dur-
ing development) but that the relative transcriptional
responsiveness of genes is not strongly related to initial
H3K4/H3K27 trimethylation status.CellChanges of H3K4/H3K27 Trimethylation Patterns
upon Differentiation—Combined H3K4/H3K27
Trimethylation Is a General Indicator of
Repression
Toexaminehow thepatternsofH3K4/H3K27 trimethylation
changed upon differentiation, we examined several tran-
scription factors that were upregulated (GATA2, GATA3,
MSX2, HAND1, and GATA6), downregulated (NANOG,
OCT4, andSOX2), or remainednot expressedor expressed
at low levels (SOX1andPAX6) duringRA-orBMP4-induced
differentiation (Figure 7A and Figure S1). ChIP combined
with quantitative PCR confirmed that, in ES cells, house-
keepinggeneGAPDHandES-cell-enrichedgenesNANOG,
OCT4, and SOX2 exhibited H3K4me3 alone, while lineage-
specific transcription factors were marked with both H3K4
andH3K27 trimethylation (Figure 4B). However, in bothRA-
and BMP4-differentiated cells when the ES-cell-specific
genes were downregulated, they became marked by both
H3K4 and H3K27 trimethylation (Figures 7B and 7C). The
Oct4-negative status of the RA- and BMP4-differentiated
cells rules out that this is due to a mixed population of cells
after differentiation (Figure S1). In contrast, lineage-specific
transcription factors that were upregulated in the differenti-
ated cells became marked by H3K4me3 alone (Figures 7B
and 7C). The housekeeping gene GAPDH maintained the
H3K4me3 pattern in both undifferentiated and differenti-
ated cells. The neural lineage-specific genes, SOX1 and
PAX6, that were not induced kept the combined H3K4/
H3K27 trimethylation pattern in differentiated cells. Thus,
bivalent H3K4/H3K27 trimethylation is not unique to ES
cells, but ES-cell-specific genes and developmental genes
suppressed during differentiation can also maintain orStem Cell 1, 299–312, September 2007 ª2007 Elsevier Inc. 307
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Mapping of Histone H3K4me3 and H3K27me3 in hESCsacquire thisdualmarkduringdifferentiation.Thecolocaliza-
tion of H3K4/H3K27 trimethylation is not likely to be caused
by a heterogeneous population of differentiated cells, as
FACS analysis shows a clear shift of OCT4 signal upon
differentiation (Figure S1).
To rule out the possibility that the change of the H3K4/
H3K27 trimethylation patterns in differentiated cells was
merely an artifact arising from in vitro ES cell differentia-
tion, we also examined the same set of transcription fac-
tors in IMR90 cells, a diploid human lung fibroblast cell
line. In the IMR90 cells, none of the selected ES-cell-spe-
cific or lineage-specific genes were expressed at signifi-
cant levels (Figure 7D). We found that ES-cell-specific
genes still exhibited both H3K4 and H3K27 trimethylation
in the IMR90 cells, but the enrichments for H3K27me3
were often increased compared to that for H3K4me3.
Lineage-specific transcription factors that were not ex-
pressed in IMR90 cells also exhibited detectable levels
of both H3K4 and H3K27 enrichments. Housekeeping
gene GAPDH continued to exhibit H3K4me3 alone.
DISCUSSION
Previous work documented the unexpected colocaliza-
tion of H3K4me3 and H3K27me3 in mouse ES cells in
a highly conserved region consisting of about 2.5% of
the genome, and it was suggested that this bivalent state
was essential for genes in pluripotent cells to remain
‘‘poised’’ for activation (Bernstein et al., 2006). We ex-
tended those previous studies by analyzing these modifi-
cations across the whole genome in human ES cells and
found that there are indeed a substantial number of genes
marked by both H3K4 and H3K27 trimethylation and that
these genes are globally enriched for genes involved in
development. In fact, of the genes that were marked by
H3K27me3, 90% were also marked by H3K4 trimethyl-
ation, and these colocalized modifications centered on
the TSS. Although we failed to detect colocalized
H4K4me3 peaks for 10% of the H3K27me3-associated
genes, it is worth noting that even genes expressed at
the lowest levels had on average an enrichment for
H3K4me3 signal around the TSS (Figure 3B), suggesting
that at least some of these genes are also comodified
but were missed because of global optimization of false-
positive and false-negative rates during peak finding or
other limitations of the technology. Thus, in the vastmajor-
ity of cases in which H3K27me3 is present, it colocalizes
with genes marked with H3K4me3 in human ES cells.
Transcription factors directly involved in pluripotency,
such as POU5F1, NANOG, and SOX2, were initiallyCellmarked by H3K4me3 in ES cells but became modified
by both H3K4me3 and H3K27me3 as they were down-
regulated during differentiation. These results indicate
a role for Polycomb group proteins in suppressing pluripo-
tency-associated genes during differentiation and indi-
cate that the colocalization of H3K4 and H3K27 trimethy-
lation is not only restricted to ES cells to keep
developmental genes poised for activation, as these
genes are not destined to be reactivated during develop-
ment. Others have previously reported the localization of
H3K27me3 at the promoters of POU5F1 and SOX2 in hu-
man T cells (Azuara et al., 2006), but this modification was
not detected in mouse neuronal precursor cells (Boyer
et al., 2006), suggesting tissue specificity in either the es-
tablishment or the maintenance of this modification.
In RA- and BMP4-differentiated ES cells, lineage-
specific genes that were not induced (SOX1 and PAX6)
continue to be marked by both H3K4 and H3K27 trimeth-
ylation. Similarly, both modifications were generally de-
tected for lineage-specific genes that were not expressed
in a human fibroblast cell line, although the ratios of enrich-
ment sometimes changed favoring the H3K27 modifica-
tion (Figure 7). A recent report also suggests that the coloc-
alization of the H3K4 and H3K27 trimethylation in human T
cells is not unusual (Roh et al., 2006). Roh et al. used a
genome-wide mapping technique (GMAT) that combines
ChIP with serial analysis of gene expression protocols
and identified 5252 promoters marked with H3K27me3
in primary human T cells, and 3330 of them colocalized
with H3K4me3. Clearly, how widespread these dual mod-
ifications are in differentiated cells and how the ratio and
distribution of the two modifications change with lineage
restriction merits additional study, but these results none-
theless indicate that this pattern of modification is not
highly specific topluripotent cells but reflectsmoregeneral
regulatory mechanisms. Consistent with our findings, very
recentlyMikkelsen and colleaguesmappedH3K4me3 and
H3K27me3modifications genome-wide inmouseEScells,
neural progenitor cells (NPC), andmouse embryonic fibro-
blast cells (MEF) and found that a small portion (4%) of
genes marked with H3K4me3 only in ES cells acquired
H3K27me3 in NPC cells or MEF cells as these genes
were suppressed (Mikkelsen et al., 2007), indicating a con-
served role for thePcGcomplex in suppressing genes dur-
ing mouse and human development. In addition, they also
showed in their work that mouse promoters containing
high CpG island content (HCP genes), intermediate CpG
island content (ICP genes), and low CpG island content
(LCP genes) differ in their correlation with H3K4me3 and
H3K27me modification. We compared the H3K4me3Figure 7. Control of Lineage-Specific Genes by Histone Patterns during ES Cell Differentiation
(A) Relative expression levels of indicated pluripotent genes and lineage genes in undifferentiated ES cells (TeSR) and differentiated cells triggered by
RA or BMP4. Expression levels of all tested genes in undifferentiated cells were set to 100 for comparison.
(B and C) H3K4 or H3K27 trimethylations of pluripotent genes and lineage genes in undifferentiated and differentiated cells triggered by RA or BMP4.
The histone states of the indicated genes were determined by ChIP and real-time PCR in H1 ES cells maintained in TeSR medium or treated with RA
(1 mM) or BMP4 (50 ng/ml) for 5 days.
(D) Histone states and expression levels of indicated pluripotent genes and lineage genes in terminally differentiated cells, IMR90. The error bars
indicate the SD (standard deviation) on three triplicate PCR results.Stem Cell 1, 299–312, September 2007 ª2007 Elsevier Inc. 309
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HCP, ICP, and LCP genes. In general, our results in human
are consistent with those from mouse, specifically (1)
a high percentage (93% for human, 99% for mouse) of
HCP genes contain H3K4me3marks, (2) a low percentage
(28% for human, 7% for mouse) of LCP genes contain
H3K4me3 marks, (3) a near equal percentage of HCP
genes contain colocalized marks (24% for human, 22%
for mouse), and (4) H3K27me3 marks alone are near ab-
sent from both HCP and LCP genes (see Table S12 and
the Supplemental Experimental Procedures). These re-
sults suggest that, like the mouse, human HCP and LCP
genes may have distinct modes of regulation.
We also identified a substantial class of genes in human
ES cells (33% of the UCSC known gene set) that lacked
both H3K4 and H3K27 trimethylation. The exceptionally
low expression profile (Figure 3A), the complete absence
of H3K4me3 and H3K27me3 signal enrichment (Fig-
ure 3B), and the distinctive functional classification (Fig-
ure 5) all suggest that this represents a real group. Unlike
genes marked by both H3K4 and H3K27 trimethylation,
GO analysis of this group of genes failed to reveal a signif-
icant enrichment for genes involved in development but
enriched for categories of genes involved in the response
to transient external stimuli (Figure 5). For example, rho-
dopsin-like G protein receptors that represent a wide-
spread protein family that transduce extracellular signals
were highly enriched in this category, as were cytokines
involved in the immune response (Figure S4). At least for
human T cells, genes in this category tend to acquire
H3K4me3 when they become expressed (Roh et al.,
2006). Since this group lacks H3K27me3 in human ES
cells, their relative inactivity appears to be Polycomb inde-
pendent, yet how they are repressed remains unknown.
However, this class of genes suggests fundamental differ-
ences in gene regulation during development and in
response to transient stimuli.
Our results offer additional evidence that H3K27me3
catalyzed by Polycomb complexes mediates transcrip-
tional repression of key developmental control genes and
indicate that this repression is accomplished generally in
the presence of H3K4me3 in human ES cells. Our results
suggest that, although colocalization of H3K4me3 and
H3K27me3 does enrich for genes that can upregulate dur-
ing early differentiation, a substantial number of genes that
lack this specific combination of modifications in human
ES cells can respond quickly also. Our finding that key
transcription factors involved in pluripotency acquire
H3K27me3 and maintain H3K4me3 after downregulation
during differentiation demonstrates that only a subset of
potential Polycomb complex target genes is actively
repressed in human ES cells and that recruitment of Poly-
comb complexes can quickly change, either to relieve ex-
isting or to create new repressive domains. Given that the
pluripotency-associated transcription factors are gener-
ally not reactivated during development, it is hard to argue
that these particular genes are physiologically poised for
activation, although genes maintaining this dual mark
might indeed be more amenable to reprogramming. Iden-310 Cell Stem Cell 1, 299–312, September 2007 ª2007 Elsevietifying the transcriptional partners that mediate these early
dynamic switches in Polycomb specificity should offer
further important insight into how the pluripotent state is
maintained and exited or how it can be achieved through
reprogramming of differentiated cells.
EXPERIMENTAL PROCEDURES
Cells and Cell Culture
Antibodies, Chromatin Immunoprecipitation, and Whole-
Genome Microarrays
Trimethyl-histone H3K4 or K27 antibodies used for the ChIP experi-
ments were purchased from Upstate. ChIP-chip analysis was per-
formed as described (see reference, Turner, 2000) with slight mod-
ification. Briefly, 1 3 109 H1 cells were collected and chemically
crosslinked by 1% formaldehyde. Cells were rinsed twice with PBS
(Ca2+Mg2+) and lysed using lysis buffer (0.1% SDS, 0.5% Triton
X-100, 20 mM Tris-HCl [pH 8.1], 150 mM NaCl, protease inhibitor,
Roche). Lysed cells were sonicated using a Misonix Sonicator 3000
at power 4 for 20 15 s pulses with 30 s intervals between each pulse
in ice water. Sonicated fragments ranged in size from 250 to 500 bp.
After sonication, samples were centrifuged at 13,000 3 g for 10 min.
The supernatant was preabsorbed by 50 ml protein A/G beads (Santa
Cruz) and incubated with 10 mg antibodies (antiH3K4me3, Upstate,
07-473, antiH3K27me3, Upstate 05-851) overnight at 4C. The immu-
nocomplex was collected by 100 ml protein A/G beads (Santa Cruz).
The beads were then washed four times by lysis buffer, two times by
LiCl buffer (0.25 M LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA,
10 mM Tris-HCl [pH 8.1]), and three times by TE buffer. The bound im-
munocomplex was eluted by adding 300 ml fresh elution buffer (1%
SDS, 0.1 M NaHCO3). Twenty microliters of 5M NaCl was then added
to the eluted product and incubated at 65C overnight to reverse the
crosslinking. Immunoprecipitated genomic DNA was then purified
using a QIAGEN Purification Kit, blunted, ligated to linker, and ampli-
fied by PCR (ligation-medicated PCR). Additional PCR reactions
were performed to generate a total 160 mg of ChIP DNA for the final
hybridization.
Of immunoprecipitated or total genomic LM-PCR DNA, 4 mg was
labeled with Cy3 or Cy5 and combined to hybridize to NimbleGen
human whole-genome arrays that were manufactured by NimbleGen
Systems (www.nimblegen.com) as described (Kim et al., 2005). Array
design, data extraction, and specification can be found in the Supple-
mental Experimental Procedures (Kim et al., 2005).
For the analysis of histone states in differentiated cells, ChIP com-
bined with quantitative PCR was used. The amplified genomic regions
for the tested genes were chosen based on the ChIP-chip data. Oligo-
nucleotide sequences for the PCR are provided in the Supplemental
Data. For the sequential ChIP, crosslinked chromatin from ES cells
was first immunoprecipitated by anti-H3K27me3 as regular ChIP
except that the chromatin was eluted by 30 mM DTT, 500 mM NaCl,
and 0.1% SDS. The eluted chromatin was then subject to a second
round of immunoprecipitation with anti-H3K4me3 and followed by
standard ChIP procedure.
Identification of H3K4- and H3K27-Associated Regions and
Mapping of Genes
Detailed descriptions of H3K4 or K27 peak finding are provided in the
Supplemental Data. Briefly, after scanning and image extraction, IP
and Input signal values for each of the 38 arrays were normalized
according to Qspline (Workman et al., 2002). Each pair of normalized
probe signals between IP and Input was then converted into log ratios
based on the following function: LogR(i) = Log (IP[i]/Input[i]). To identify
the H3K4- or K27-associated genomic regions, we developed a simple
statistical approach to define putative H3K4- and H3K27-modified
regions. For eacharray, the initial windowwasset as regionswith amin-
imum of four continuous probes (representing 350 bp) with logR >1.
If two adjacent peaks were separated by a probe-containing gap of
<500 bp, they were merged into one peak. Furthermore, if two peaksr Inc.
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probes) of less than <1000 bp, these were alsomerged into one region.
For gene mapping, we choose the gene region extending ±2.5 kb from
the TSS to measure their modification state.
Gene Expression Analysis
For gene expression analysis, we isolated the total RNA from H1 ES
cells or RA-treated cells using RNeasy Mini Kit (QIAGEN, Valencia,
CA) according to the manufacturer’s recommendations. PolyA RNA
was then isolated using Oligotex mRNA Mini Kit (QIAGEN). The
mRNA were then reverse transcribed, labeled, mixed with differently
labeled sonicated genomic DNA, and hybridized to a single standard
NimbleGen HG17 gene expression array that covers transcripts from
36,000 human loci (NimbleGen Systems). Detailed descriptions of
array design and data normalization are provided in the Supplemental
Experimental Procedures. The relative expression level was calculated
as described in the Supplemental Experimental Procedures. We set
the expression level of genes in undifferentiated cells as 1 and calcu-
lated the fold change of individual genes in each treatment.
Analysis of the Expression of Pluripotent or Lineage Genes in
Undifferentiated or Differentiated Cells
To test the transcript levels of genes in ES cells or factor-treated cells,
total RNA was isolated from 106 H1 ES cells maintained in TeSR or
treated by BMP4 (50 ng/ml) or RA (1 mM) for 5 days using QIAGEN
RNeasy Mini Kit in combination with on-column DNase treatment
according to the manufacturer’s instructions. Superscript II reverse
transcriptase (Invitrogen) and Oligo-dT were used to synthesis the first
strand of cDNA. Real-time PCRwas performed on the 7300 ABI detec-
tion system using SYBRgreen PCRmastermix (ABI). The primers used
for PCR can be found in the Table S9.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures,
12 tables, and 5 figures and can be found with this article online at
http://www.cellstemcell.com/content/full/1/3/299/DC1/.
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